Abstract: Multiple regression analyses were applied to decipher the correlation between monthly discharge, precipitation and temperature records and annual varve-thickness data from river Ångermanälven north-central Sweden between 1860 and 1950. Over the whole 90-year period we found generally a strong correlation between spring/summer precipitation and annual varve thickness. However, there are clear indications that precipitation during the months of January and March-May was more important for the formation of varves in the early part of the twentieth century, while January, March, April and June seem to have been more significant during the later part of the nineteenth century. Monthly temperatures and annual varve thickness, on the other hand, did not show any significant correlations over the whole 90-year period, but, when split into 30-year periods, a dependence of varve thickness on October (1862-90) and March (1919-50) temperatures could be observed. Our results show that it is important to test each specific varve record against instrumental data sets before any conclusions can be drawn in terms of precipitation and/or temperature dependence. They also emphasize the necessity to correlate varve-thickness records against long instrumental series in order to detect any changing forcing mechanisms.
Introduction
Annually laminated sediments are one of the few archives which offer a possibility to reconstruct and assess past environmental and climatic conditions on decadal to centennial timescales. However, their potential for climatic reconstructions can only be deciphered if the signals stored in these sediments can, for example, unequivocally be compared and related to instrumental data sets. The general assumption that varve thickness can be explained as a function of the annual discharge of suspended load from the catchment, which in turn correlates positively to air temperature and precipitation, has been highlighted from detailed studies of annually laminated Arctic and Alpine lake sediments Deslodges, 1994; Hardy et al., 1996; Leemann and Niessen, 1994) . Comparisons between the thickness variations of clastic varves formed in Canadian high Arctic lakes and meteorological data sets have, for instance, shown that summer (July) temperatures control varve formation in these high- led to a continuous varve chronology from present (the year 1978) back to ad 30 (Cato, 1987) . By comparing annual varve-thickness data against mean annual transport of suspended material and daily maximum discharge, Cato (1987) concluded that the clastic varves formed in Ångermanälven can be regarded as annual deposits. This conclusion was corroborated by multiple corings during successive years during which newly formed varves were recovered (Cato, 1987) .
Temperature and precipitation (rain and snow) changes are known to influence discharge variations in non-regulated rivers and consequently also the transport of suspended material, which Table 1 Core number and location of the varved-clay diagrams used in this study. See also Figure 7 for the varve diagram correlations by Cato (1987) and Figure 8 for cross-correlation analysis Core no.
Core location and year of fieldwork Years covered Published by GC 491 Nyland 1978 1978 -1949 Cato (1987 ) GC 3 Nyland 1978 1973 -1944 Cato (1987 ) GC 8 Nyland 1978 1972 -1940 Cato (1987 ) GC 2 Nyland 1978 1971 -1927 Cato (1987 ) GC 9 Nyland 1978 1957 -1922 Cato (1987 ) PC IV Nyland 1952 1949 -1850 Granar (1956 ) PC 2b Nyland 1943 1942 -1926 Kullenberg and Fromm (1944 ) PC 3 Nyland 1978 1935 -1791 Cato (1987 PC I Nyland 1952 1933 -1850 Granar (1956 PC F Nyland 1945 1930 -1414 Cato (1987 PC D Nyland 1945 1926 -1494 Cato (1987 PC E Nyland 1945 1924 -1414 Cato (1987 PC II Nyland 1952 1923 -1860 Granar (1956 ) PC 6 Nyland 1978 1920 -1200 Cato (1987 1978 1919 -952 Cato (1987 in turn may be reflected in varve-thickness variations. In nonregulated rivers in northern Sweden 50-75% of the total yearly transport of suspended material occurs during May and June, in connection with the yearly spring flood (Arnborg, 1959; Brandt, 1982) . However, Ångermanälven has been highly regulated during the last 40 years, which has large consequences for the mean monthly discharge of suspended material (Nilsson, 1974; 1976; Carlsson and Sanner, 1994) . In regulated rivers only c. 15-35% of the total yearly suspended material is transported during May and June, and c. 15% during January and February (compared to 5% in non-regulated rivers) (Brandt, 1982) . For the comparison in this paper between climatic parameters (temperature, precipitation), discharge data and the varve-thickness record of Ångermanälven we, therefore, chose the time period between 1860 to 1950, because we regard the general relationship between runoff and sediment transport no longer as valid after the river had been regulated (see Arnborg, 1959; Cato, 1987) . Furthermore, for the comparison between climate and discharge variables and annual varve thickness, the year-long interval which is thought to influence varve thickness starts with the month of October and ends with September. This subdivision is supported by the fact that precipitation falls in north-central Sweden as snow during October-May/June, and autumn precipitation during the previous year thus influences varve thickness through melting during the following year.
Temperature and precipitation in the Ångermanälven catchment
General temperature and precipitation trend in northern Sweden AD 1850-1995 Scandinavia is situated in a zone between a maritime climate to the west and a continental climate to the east, with dominant westerly winds delivering high precipitation to the Scandinavian mountains. Highest annual precipitation values in some parts of the Swedish mountains may reach 1500-2000 mm yr −1 , while coastal and inland areas may receive 500-700 mm yr −1 (Alexandersson and Andersson, 1995) . During OctoberMay/June, precipitation in northern Sweden is stored as snow. The temperature rise and snow melt during late spring lead to spring floods which generally occur between mid-May and midJune. Mean annual temperatures range at −4°to −1°C in the mountain areas and between 0°and 4°C in the inland and coastal areas (Vedin, 1995) . The potential annual evapotranspiration is given as 100-200 mm in the Swedish mountains and 300-500 mm in the coastal and inland areas (Jutman, 1995) .
Temperature series published for northern Sweden show that the second half of the nineteenth century has generally been fairly cold. From the end of the nineteenth century until c.1930 mean annual temperatures increased by 1.5°C and mean winter temperatures by 2.5°C . While a decrease of mean annual temperatures by 0.8°C has been observed between 1930 and 1980, mild winters and springs and a slight temperature rise are recorded since 1988. Although it is more difficult to exactly evaluate precipitation changes because of the error inherent in the old measuring instruments, total annual precipitation may have increased together with the warming during the end of the nineteenth and the beginning of the twentieth century . Since 1920, annual precipitation has not changed considerably during the summer months, while it increased slightly during the remaining seasons of the year. As an example for temperature and precipitation variations in northern Sweden during the nineteenth and twentieth centuries, the homogenized temperature and precipitation series for Stensele are shown in Figure 2 .
Temperature and precipitation series from Ångermanälven (1860-1950)
Three long (back to 1860) and several shorter (back to 1909) temperature and precipitation series with mean monthly records are available for the Ångermanälven catchment area ( Figure 1 ; Table 2 ). These cover the mountain area to the west, which is the source area of Ångermanälven and its tributaries (Gäddede, Munsvattnet, Leipikvattnet) (Figure 3 ), the inland area (Stensele, Ö stersund/Frösön, Åsele, Junsele, Ramsele, Forse and Multrå) ( Figure 2 ) and the coastal zone to the east (Härnösand), where Ångermanälven discharges into the Gulf of Bothnia of the Baltic Sea. The precipitation and temperature series from Stensele, Ö stersund/Frösön, Härnösand and Leipikvattnet are homogenized monthly records which were obtained from the Swedish Meteorological and Hydrological Institute (Dahlström et al., 1995; Frich et al., 1996) . The data sets from Gäddede, Munsvattnet, Forse, Junsele, Åsele and Multrå were compiled from the Annual Report published by the Swedish Meteorological and Hydrological Institute.
The correlation obtained between mean annual and mean monthly temperature sets (adjusted for the difference in temperature during different months) recorded at the three longest stations (Table 3; Figure 4a ). To evaluate if temperature series from the shorter mountain and inland stations show the same regional signal or, if local variations may also be of importance, we compared in a W-E transsect mean annual temperatures from Gäddede, Junsele and Härnösand (Figure 4b ). The observed strong co-variation (r = 0.94) shows that mean annual and mean monthly temperatures varied to the same extent over the whole region. This justifies the use of the three longest temperature series for our comparisons.
Total annual precipitation is highest in the mountains and along the coast with 500-1200 mm and 400-1000 mm respectively, while the inland stations receive 300-700 mm. Highest precipitation is registered at the mountain stations during July-February, where least precipitation occurs during April and May. Over the inland and at the coast, most precipitation falls during the months July-August or August-September respectively, and least during February-April. The correlation of total annual and monthly precipitation for the three longest series also gives, therefore, lower values than the temperature comparison ( Table 3 ). The correlation is best between Stensele and Ö sterund, but less significant between Härnösand and Stensele and between Härnösand and Ö stersund. This difference is illustrated in Figure 5 (a), where total annual precipitation is compared for all three stations. Within the mountain stations ( Figure 5b ) and between the shorter inland stations and Stensele and Ö stersund (Figure 5c ), total annual precipitation is well correlated. However, a large scatter is present in the comparison between the mountain stations and Stensele/Ö stersund ( Figure 5d ). We, therefore, regard the precipitation series from Stensele and Ö stersund as representative for the inland stations, but separate them from the mountain stations. In addition, we exclude Härnösand from further analysis, because it is not reasonable that the precipitation at the coast has a large influence on discharge and thus on varve-thickness variations.
In contrast to monthly mean temperatures, total monthly precipitation displays a strong skewness over the year. To account for this non-linearity in the precipitation profile, the precipitation values are in the following always treated on a logarithmic scale. When monthly precipitation and temperatures at the mountain stations are compared with each other in a regression analysis, highest positive correlations can be found for the months December (r = 0.35), January (r = 0.56), February (r = 0.59), March (r = 0.59) and April (r = 0.25). However, no positive correlation can be observed between temperature and precipitation regarding the inland stations Stensele and Ö stersund. (Melin, 1954) . Figure 6 illustrates the mean and maximum monthly discharge measured at the two stations between 1909 and 1950. Peaks in mean monthly discharge were measured during May, June and July at Forsmo (400-1000 m 3 s −1 ) and during July at Långsele (c. 350 m 3 s −1 ). Maximum monthly discharge, however, shows distinct peaks at both stations during May, June and July ( Figure 6 ). The correlation of the total mean monthly discharge at the two stations is high (r = 0.96); therefore, the monthly mean of the total discharge values at the two sites is in the following referred to as total mean monthly discharge.
Monthly discharge variations are most likely influenced by precipitation and/or temperature changes over the catchment area. Increased precipitation, falling as snow during the autumn, winter and spring months leads to a higher snow cover, which in turn may melt more rapidly if a distinct temperature rise and/or stronger rainfalls occur in spring/early summer.
By evaluating the correlation between monthly precipitation, monthly temperatures and monthly discharge, it is possible to see how these variables influence each other, and how annual varve thickness may be determined, through variations in discharge, by precipitation and temperature. Since no discharge records are available for the period 1860-1908, and all assumptions have to be based on the long precipitation and temperature records from the inland stations only, we regard it necessary to explore in detail all relationships between the different variables for the period 1909-50, when the instrumental data sets can be regarded as coherent (i.e., not biased by measuring instruments and their location).
Precipitation and discharge
The correlation of annual and monthly precipitation values for all measuring stations demonstrated that distinct differences exist between inland and mountain sites: (a) the inland generally receives c. 40% less annual precipitation than the mountains, and (b) highest precipitation over the inland occurs during the months July and August and during July to February over the mountain areas. Although annual precipitation measured at the mountain and inland stations shows a good correlation to total annual discharge (r = 0.79), we separate both areas in the following, because of the clear difference in the amount of total monthly precipitation received.
Monthly precipitation in both areas shows a good correspon- Table 5 Correlation coefficient (r) between monthly discharge (D), monthly precipitation over the mountain (P mount ) and inland (P inl ) stations, monthly temperature (T) and annual varve thickness (V). The level of significance (␣) is р80.05 
dence to monthly discharge, but seems to influence discharge variations also during the following month. A significant month-tomonth correlation can be observed for precipitation at the mountain stations in May, August and October and for precipitation at the inland stations in January, May, July, August and October (Table 5 ). The observation that precipitation affects discharge variations a month later is generally valid all year round (except for December), but particularly emphasized for discharge variations during July to November (r Ͼ 0.6). The same conclusions can be drawn for precipitation changes over the inland stations, where the relationship between precipitation and discharge during the following month is strongly correlated for May and September-November (r Ͼ 0.6). However, no significant correlation exists here between discharge and precipitation during March.
Temperature and discharge
In contrast to precipitation, annual and monthly temperature variations correlate well over the whole catchment of Ångermanälven. Therefore, the temperature series from Stensele and Ö stersund can be used here to evaluate the relationship between temperature and discharge. Total annual discharge and mean annual temperatures over the whole area show a weak but significant correlation (r = 0.22). A better correspondence can be found between total monthly discharge and temperatures for the March-May season (r = 0.71), as well as for each month between December and May ( Table 5 ). The dependence of monthly discharge (y) on monthly temperatures (x) can be described by multiple regression as: y ϭ 5.50 ϩ 0.078x and shows the strong dependence of discharge on monthly temperatures (r = 0.73). Taking into account the large temperature and discharge variations during different months, the partial correlation coefficient with respect to months is r = 0.70.
A further strong correlation can be found between mean monthly temperatures (September-March) and monthly discharge variations (October-April) where temperature affects discharge a month later (October: r = 0.48; November: r = 0.38; December: r = 0.53; January: r = 0.38; February: r = 0.50; March: r = 0.58; April: r = 0.49). This correlation is negative or insignificant for April-August temperatures and May-September discharge.
Precipitation, temperature and discharge
Monthly precipitation over the mountain and inland areas is significantly correlated to monthly discharge variations during May, August, October and January, May, July, August, October, respectively (Table 5 ). However, precipitation affects discharge variations also a month later, especially during July-November (mountain area) and May and September-November (inland area). The correlation between monthly temperatures and monthly discharge is significant for the months December-May, but also for discharge variations during the following month (between October and April). To evaluate during which months of the year discharge variations show a dependence on both precipitation and temperature, we correlated precipitation (separated for the different areas), temperatures and discharge for each month.
The multiple regression of monthly discharge (y) on monthly precipitation in the mountain stations (x 2 ) and mean monthly temperatures (x 1 ) shows a generally significant relationship (r = 0.73): y ϭ 5.397 ϩ 0.075x 1 ϩ0.039x 2 with high correlation coefficients for each of the months December-May and August-October (Table 5) . June, July and November show no significant dependence of discharge on either temperature or precipitation. During January-April, September and December the dependence on temperature is significant, while discharge during August and October is more influenced by precipitation. May is the only month with a significant dependence of discharge on precipitation and temperature.
A similar good relationship can be observed for monthly precipitation (x 2 ) and temperature (x 1 ) at the inland stations and discharge variations (y) (r = 0.74): y ϭ 4.865 ϩ 0.006x 1 ϩ 0.195x 2 with December-May and July-October as significant (Table 5 ). The months June and November show no significant correlation between the three variables, while February-April, September and December indicate a significant dependence of discharge on temperature only and January, July, August and October a dependence on precipitation only. May is also for the inland stations the only month where a significant dependence of discharge on precipitation and temperature could be found.
The observation that May is the only month, where a significant dependence of temperature and precipitation (mountain and inland stations) on discharge can be found supports the earlier assumption that a distinct rise in temperature combined with precipitation as rain during May largely influences discharge variations in May.
Annual varve thickness and monthly discharge (AD 1909-50)
Correlation between the different varve-thickness diagrams Varve-thickness measurements and diagrams from Ångerman-älven ( Figure 1 and Table 1) were made available through a data base established at the Geologic Survey of Sweden in Uppsala. The measurements and correlations were carried out by Cato (1987) , who also published varve records recovered earlier by Granar (1956) , Fromm (unpublished data) and Kullenberg and Fromm (1944) . Corings were made along a c.15-km section of the estuary (see Cato, 1987 , for a detailed location of the cores). Over this distance, bulk grain size gradually decreases from coarse silt-fine sand in the more proximal sites (e.g. cores GC 3, GC 8 and PC 3) to medium and coarse silt (cores GC 2, PC 2 and GC 9), to fine silt in the most distal core (core PC 6) (see also Figure 7 ).
Each varve or annual laminae can be divided into several zones: a lower zone with relatively coarse-grained material and an upper zone with clay to fine silt. The upper part is often composed of a lower thicker, dark part and an upper, thinner, light-grey part which occasionally contains sand and gravel (Cato, 1987) . Grainsize measurements carried out by Kullenberg and Fromm (1944) indicate that the coarse-grained part of the varves was deposited during high water periods (spring and early summer), while the fine-grained layers with a high content in organic material and sulphur iron deposited over a longer timespan, probably during low-water periods and oxygen-free bottom waters (autumn, winter). However, the data set contains only the total annual thickness of each varve in each core (in mm) ( Figure 7 ) and thus does not allow for a seasonal resolution.
The cross-correlation signal-to-noise-ratio performed between the 15 varve-thickness diagrams shows a distinct statistical correlation at the published connections (Figure 8 ). This good correlation justifies the construction of a mean varve thickness diagram for the whole time period under consideration. For the present investigation, we excluded, however, the most recent 37 years, because the river's regulation during the 1950s has had a major influence on the formation of the varves and thus on varve thickness. In addition, varves older than ad 1860 were not included, because the meteorological data series reach back only to 1860.
Mean varve thickness is heavily influenced by the thick varve in the proximal sequence PC 3 Nyland 1975 at year 1927 (Figure 7) . Although varve thickness is also considerably higher than average in many of the other varve sequences, the magnitude of thickness in PC 3 Nyland 1975 causes a non-representative mean (Figure 9a ). One possibility, is therefore, to present the median varve thickness of the diagrams, which is, however, similar to the mean varve thickness diagram if the PC 3 Nyland sequence is excluded. A second alternative is to consider the geometric mean varve thickness (Figure 9b ), i.e., the antilog of the mean of the individual varve-thickness logarithms. This measure is also motivated by the fact that varve thickness is related to discharge in a power function relation. Accordingly, we regard the logarithm of the mean annual varve thickness as the appropriate measure for further comparisons. Kullenberg and Fromm (1944) , Granar (1956) and Cato (1987) demonstrated earlier the good correlation between maximum daily discharge in spring (early summer floods) and the corresponding annual varve thickness. For years 1909 -1935 , Cato (1987 obtained a value of r = 0.68, when he correlated the varve thickness of core PC 3 (see Figure 7) against maximum daily mean discharge. A correlation between annual varve thickness and the mean value of the spring flood or the mean value of total annual discharge was, however, far less clear (Cato, 1987) . These results are supported by the present comparison, where the correlation between total annual discharge and mean annual varve thickness does not show any significance. However, this can be explained by the fact that varve thickness does not correspond linearly to an increase or decrease in discharge of suspended material. The correspondence should, therefore, be expressed in a logarithmic way, which compares log mean varve thickness and log mean annual discharge. Such a relation indicates that varve thickness (v) is related to discharge (d) by v = cd b for some constants c and b and that a doubling in the amount of discharge corresponds to a relative increase of the varve thickness by 2 b . The correlation measure obtained from such a comparison is r = 0.64.
Correlation between discharge variations and annual varve thickness
While Kullenberg and Fromm (1944) , Granar (1956) and Cato (1987) showed a clear correlation between maximum daily discharge and annual varve thickness, we chose here to explore the relationship between total mean monthly discharge values for each month of the year and total annual varve thickness for several reasons.
(1) The objectives of our investigations are to test if a general climatic response is registered in annual varve thickness, rather than exceptional events. (2) Total mean monthly discharge is well correlated to monthly precipitation and temperature for specific months. (3) If annual varve thickness can also be related to total mean monthly discharge variations, which in turn are dependent on monthly precipitation and temperature, then the link between precipitation, temperature and annual varve thickness can be better established.
To detect which months of the year have a major impact on mean annual varve thickness through discharge, we performed a multiple regression of varve thickness on the total monthly discharge during different months of the year. The results corroborate the assumption (in accordance with Kullenberg and Fromm, 1944; Granar, 1956; Cato, 1987) that the main contribution to annual varve thickness is related to discharge during May (r = 0.49) and June (r = 0.70), but shows that July (r = 0.35) contributes, although to a minor extent (Table 5) . Thus, discharge variations during May and June can be regarded as the most important factors in determining annual varve thickness and are applied here to model mean annual varve thickness according to: y ϭ Ϫ17.41 ϩ 0.59x 1 ϩ 1.96x 2 where y is the logarithm of the mean varve thickness, x 1 the logarithm of total monthly discharge in May and x 2 the logarithm of total monthly discharge in June. The results show that May and June discharge in general allow to reproduce mean annual varve thickness fairly well (r = 0.78) (Figure 10 ).
Exceptions are, however, those years when the predicted varve thickness is considerably lower or higher than measured. Varves thicker than modelled (e.g., in the years 1910, 1920-21, 1924, 1927, 1936, 1944 and 1949) may be explained by the fact that exceptional daily events have been smoothed out by applying mean monthly discharge variations. The maximum daily mean discharge curve for 1909-78 shows (e.g., Cato, 1987 ; Figure 13a) distinct peaks in the years 1910, 1920, 1924, 1927 and 1949 . It is, therefore, likely that maximum daily discharge may have allowed to reproduce these thicker varves better than mean monthly discharge. Another explanation may be that peak discharge occurred, apart from May and June, during other months than those used in the model (Figure 11 ). High discharge during the October-December months of the previous years and/or during the January-April months of the actual year may explain some of the difference between predicted lower than measured varve thickness for the years 1910, 1920, 1936, 1944 and 1949 . On the other hand, high discharge during July, August and September may have contributed to thicker varves than modelled in the years 1921, 1924 and 1927 . A distinctly lower, measured varve thickness than the one predicted by our model (e.g., the years 1913, 1916, 1938, may be interpreted in terms of postdepositional erosion or, that other factors such as precipitation and/or temperature may have had more influence on annual varve thickness than monthly discharge during May and June.
Annual varve thickness, monthly precipitation and monthly temperatures (AD 1860-1950)
The good correlation between May and June discharge and annual varve thickness indicates that discharge during these months influences annual varve thickness significantly. Discharge, on the other hand, is strongly related to precipitation over the mountain areas during October, May and August or over the inland area during October, January, May, July and August (Table 5 ). Table 1 for the acronyms.
However, precipitation also influences discharge one month later (see above). A significant correlation also exists between temperatures in April and discharge during April (r = 0.76) and May (r = 0.49). May is the only month where a dependence of discharge on both temperature and precipitation could be found. Although April and May precipitation and temperatures seem to influence May and June discharge, which in turn correlates well to annual varve thickness, the relationship between precipitation, temperature and varve thickness has to be evaluated independently.
Monthly precipitation and annual varve thickness
For the mountain stations, the multiple regression analysis allowed to discriminate the April-August months as those which allow to model annual varve thickness between 1919 and 1950 best (r = 0.80) ( Table 5 ). Modelled varve thickness based on April-August precipitation follows measured varve thickness very well, although the considerably thicker varves in the years 1920, 1927, 1935 and 1936 cannot be reproduced to the same extent by the model (Figure 12a ) and, in some cases modelled varves became slightly thicker than measured (e.g., the years 1923-24, 1931-34 and 1946) . Monthly precipitation over the inland stations for 1919-50 gives an equally significant correlation but, in contrast to the mountain-based precipitation model, the months January, March-May (r = 0.77) seem to be more important for annual varve thickness in the second model (Table 5 ). The curve obtained in this model also reproduces measured varve thickness well, with the exception of those years where modelled varve thickness is distinctly lower than measured (1920-21, 1924, 1927, 1943 and 1949) or higher than measured (1930, 1932-33 and 1937-38) (Figure-12b) .
April-August precipitation over the mountain stations seems in general to reproduce many of the thicker and thinner varves better than January and March-May precipitation over the inland stations, but the results of the two modelled varve-thickness curves partly also complement each other. For example, April-August precipitation over the mountain stations allows us to model varve thickness better than January and March-May precipitation over the inland stations in the years 1922, 1924, 1929, 1937-38, 1943 and 1949 . On the other hand, inland precipitation replicates varve thickness better than mountain precipitation in the years 1923, 1931, 1934, 1936, 1946, 1948 (Figure 12a and b) . Some of the thick varves, which could not be generated in the discharge-based model (Figure 10 ), can be reproduced by the model based on April-August precipitation at the mountain stations or January and March-May precipitation at the inland stations (Figure 12a and  b) . Since the river's discharge is strongly correlated to precipitation, this supports our earlier argument that exceptionally high discharge during early spring or late summer must have influenced varve thickness during these years (see also Cato, 1987: 24) . However, none of the three models allows to explain the thick varve in year 1927. It is, therefore, likely that varve thickness during that year is an effect of a subaquatic slide at the delta front, which gave rise to a turbidite-like sediment layer.
A validation of the results obtained from the precipitation-varve thickness comparison can only be performed for the longer precipitation series available for the inland stations, because the mountain stations were not in use until 1919. As shown in Figure 13 (a), the validation of the January and March-May precipitation model reveals a less good correspondence for the time period between 1860 and 1918 (r = 0.20). However, it becomes slightly better (r = 0.52) when varve thickness is modelled based on January and March-May precipitation over the whole period from 1860 to 1950 (Figure 13b ; Table 5 ). Although the correspondence between estimated and measured varve thickness is less good in this model between 1919 and 1950, it becomes slightly better between 1880 and 1918, compared to the validation shown in Figure 13a . The predicted varve thickness follows the measured values fairly well, but reproduces in general a lower varve thickness than measured, especially before 1900-1880. During this time period modelled varve thickness is distinctly lower than measured. One explanation for this divergence between modelled and measured thickness may be that the early precipitation measure- ments have to be regarded as less accurate than those performed during the twentieth century. Another possibility may be that monthly precipitation patterns may have been different prior to 1900-1880 and that the forcing precipitation occurred during other months than those applied in this model.
To test the latter hypothesis, we performed multiple regression analyses for the period1860-1918 separately and found that, while May was one of the significant months between 1919 and 1950, June became (together with January, March and April) more significant for annual varve-thickness variations between 1860 and 1918 (Table 5 ). May) stations, or May and June discharge (Figures 10, 12a and b, and 13b). Therefore, they allow only roughly to reconstruct measured varve thickness.
Conclusions
Monthly discharge, precipitation and temperature records were tested against the clastic varves deposited in the estuary of river Ångermanälven between 1860 and 1950. Temperature variations were found to correlate well over the whole area and thus justified the application of the mean of the longest data series from Stensele, Ö stersund and Härnösand for the present comparisons. The precipitation series, on the other hand, exhibit strong regional contrasts, so that mountain and inland areas were treated as separate units. A good comparison between monthly precipitation and temperatures could be found only within the mountain area, with highest correlations during December-April. Monthly precipitation in the different areas correlates strongly with monthly discharge (mountain stations: May, August, October; inland stations: January, May, July, August, October), but shows also a significant impact on discharge variations during the following months (mountain stations: July-November; inland stations: May and September-November). Temperature seems to influence discharge positively on a month-to-month basis between December and May, but has also a significant influence between September and March on discharge a month later (i.e., October-April). May, on the other hand, is the only month when discharge is significantly correlated to both temperature and precipitation.
Between 1919 and 1950, annual varve thickness can be modelled well based on discharge variations in May and June and precipitation changes during April-August (mountain stations) or during January and March-May (inland stations) respectively. Although some of the extremely thick varves could not be reproduced in the first, discharge-based model, the occurrence of thicker than modelled varves can be explained by the fact that high discharge took place also during the winter months of the previous year or during the spring and/or summer months of the actual varve year. This is further corroborated by the good correlation between precipitation during spring/summer and varve thickness.
In spite of the fact that varve thickness and precipitation during April-August (mountains) and January and March-May (inland) show a very good correspondence between 1919 and 1950, the correlation between varve thickness and the long inland precipitation series (i.e., January and March-May) becomes less significant for the whole time period 1860-1950. There are clear indications that, with respect to the inland data set, June is, in addition to January, March and April, a more important month between 1860 and 1918, and that May has no significant impact on annual varve thickness before 1918. An even more distinct shift can be observed in the comparison between monthly temperatures and annual varve thickness, with March being the dominant month between 1919 and 1950 and October between 1860 and 1890.
If the instabilities which we observe in the 90-year-long precipitation/temperature-varve thickness relationship are real and not a statistical artifact, one would expect that similar instabilities may have occurred also on longer timescales. Although we regard the precipitation-varve thickness relationship obtained here as fairly stable and argue, therefore, that these clastic varves may be used as a proxy for variations in precipitation during early spring/summer, they cannot be applied to reconstruct temperature variations during a specific month.
In contrast to other studies Deslodges, 1994; Hardy et al., 1996; Leemann and Niessen, 1994) , where summer temperatures have been found to be the controlling factor for varve formation, our studies show that the relationship between early spring/summer precipitation and varve-thickness variations can be regarded as more stable for river Ångerman-älven. Our results emphasize the necessity to test and validate the dependence of varve thickness on either precipitation and/or temperature for each specific varve record and against long instrumental data sets from within the catchment area.
